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Abstract 
The crystal structures of the 1:1 proton-transfer compounds of 3,5-dinitrosalicylic acid (dnsa) with a 
series of common polycyclic aromatic and heteroaromatic amines (quinoline, 1-naphthylamine, 
1,2,3,4-tetrahydroquinoline, quinaldic acid, benzimidazole, 1,10-phenanthroline and 2,2’-
bipyridine) have been determined and the hydrogen-bonding associations in each analyzed. The 
compounds are [(C9H8N)
+( dnsa)
-
], (1), [(C10H10N)
+( dnsa)
-
], (2), [(C9H12N)
+( dnsa)
-
], (3), 
[(C10H8NO2)
+( dnsa)
-
], (4), [(C7H7N2)
+( dnsa)
-
], (5), [(C12H9N2)
+( dnsa)
-
], (6) and [(C10H9N2)
+( 
dnsa)
-
], (7). In all compounds, protonation of either the substituent amino group or the hetero-N of 
the Lewis base occurs, with subsequent hydrogen bonding via this and other hydrogen donors 
variously to the carboxylate, phenate and nitro oxygen acceptors of the dnsa anions. The result is the 
formation of primary N+-H…O associations which with secondary peripheral interactions, which 
within this set of compounds includes an increased incidence of aromatic C-H…O associations, 
give framework polymer structures. In three of the compounds [1, 4 and 6], cation-anion π-π 
interactions are also found. The completion of this series of compounds has now allowed the 
categorization of the molecular assembly modes in the proton-transfer compounds of 3,5-
dinitrosalicylic acid. 
 
Introduction 
The products from the reactions of 3,5-dinitrosalicylic acid (dnsa) and the analogous picric 
acid with Lewis bases have been studied by Issa and co-workers using infrared spectroscopy, [2-5] 
with more than 100 charge-transfer and proton-transfer compounds being synthesized and 
characterised. Several of these compounds have unusual physical properties with potential 
commercial applications, e.g. the electrical properties of the diaminonaphthalene charge-transfer 
complex.[5] The relatively large acid dissociation constant for dnsa (pKa = 2.2) means that in these 
interactions, most Lewis bases are protonated, including those considered as relatively weak, e.g. 
hexamethylenetetramine (hmt) (pKa = 4.9) which gives a 1:1 proton-transfer complex.
[6, 7] This 
compound is among a large number of such examples which have been crystallographically 
characterized.[1, 6-14] Of these, only four, comprising two adducts [(4-aba)
+
 (dnsa)- (4-aba)] [8] (4-aba 
= 4-aminobenzoic acid) and [(py)+( dnsa)- (dnsa)] [1]  (py = pyridine), the unusual mixed dnsa-picric 
acid-piperidine compound [3(pip)+ (dnsa)2- 0.79(dnsa)- 0.21(pic)- . H2O] 
[9] (pip = piperidine; pic = 
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picrate), and [2(bd)+ (bd)2+ 4(dnsa)- . 2(EtOH)] (bd = benzidine)[10]  show other than 1:1 
stoichiometry. The difference between the two adduct examples[1, 8] is that the first is (2:1) with the 
4-aba the adduct molecule while with the second (1:2), dnsa is the adduct molecule The compounds 
with the other 2- and 3-aminobenzoic acid isomers are conventional (1:1).[8] With these bifunctional 
Lewis bases, the utility of the protonated amino group in enhancing secondary associative effects, 
through the formation of hydrogen-bonding networks, is also recognized. Other reported (1:1) 
proton-transfer structures are those with a series of monocyclic heteroaromatic bases [1] and a 
number of other various Lewis base types.[11-14] Among these examples, it has been observed that 
the best structure-enhancing molecular centre is generated with the protonation of a primary amine 
group, which may then interact with up to six different acceptor sites through hydrogen-bonding 
associations.[7] Within the series of compounds reported in ref. [7], which included those with the 
parent ammonia and other primary amines, the first occurrence of a dianionic dnsa species was 
found in the compound with ethylenediamine (en), the hydrate [2(en)2+ 2(dnsa)2-. (H2O)], although 
another has more recently been observed in the piperidine compound.[9]  
Unlike the parent acid dnsa, which is known to form several pseudopolymorphic crystalline 
solvates from various solvent systems, including two monohydrates,[7, 15] four 1,4-dioxane 
solvates[15] and a tert-butyl alcohol solvate,[15] among the dnsa  proton-transfer compounds, solvates 
are uncommon. This is unusual, considering that within the overall series comprising ca. 40 
crystallographically characterized compounds, most were obtained from ethanol-water solutions. 
The known hydrate examples are the previously mentioned ethylenediamine compound (a 
monohydrate),[7] the salicylaldoximinium compound (a dihydrate),[12] and the monohydrated 
piperidinium,[9]  brucinium[13] and 1-ammonio-5-hydroxynaphthalene[14] compounds. Only two 
ethanol solvates are known, the 2:2 hemi-ethanolate compound with 2-aminopyrimidine (apm), 
[2(apm)+ 2(dnsa)- . 0.5EtOH][1] and  the previously mentioned benzidine compound.[10] The 
structures of the 1:1 adducts of dnsa with urea,[16] 1,1-diethylurea,[17] phenylurea,[18]  and trans-1,4-
dithiane-1,4-dioxide[19] have also been determined, together with the 1:1 adduct with the very weak 
bases phenazine,[20] representing the only known example among the entire set of dnsa-Lewis base 
compounds. 
Having completed a study of the interaction of dnsa with a series that included all orders of 
both aliphatic and monocyclic heteroaromatic amines,[1, 7] the object of this work was to prepare and 
characterize a set of compounds with polycyclic heteroaromatic and aromatic amines. These 
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compounds have greater potential for additional aromatic C-H…O hydrogen-bonding interactions as 
well as for π-π interactive effects which enhance the molecular assembly process. The completion of 
this set of compounds would allow the categorization of the modes of interaction of the cationic and 
anionic species in the proton-transfer compounds of dnsa. Reported here are the preparations of 1:1 
compounds of dnsa with the polycyclic Lewis bases quinoline (quin), 1-naphthylamine (na), 1,2,3,4-
tetrahydroquinoline (thq), quinoline-2-carboxylic acid (quinaldic acid = qa), benzimidazole (bim), 
1,10-phenanthroline (phen) and 2,2’-bipyridine (bipy), together with their characterization using 
single crystal X-ray diffraction and Fourier-transform infrared spectroscopy and the categorization 
of the molecular assembly modes within the series. The compounds are as follows: 
[(C9H8N)
+
(C7H3N2O7)
-] (1), [(C10H10N)
+
(C7H3N2O7)
-] (2), [(C9H12N)
+
(C7H3N2O7)
-
] (3), 
[(C10H8NO2)
+
(C7H3N2O7)
-
] (4), [(C7H7N2)
+
(C7H3N2O7)
-
] (5), [(C12H9 N2)
+(C7H3N2O7)
-
] (6) and 
[(C10H9N2)
+(C7H3N2O7)
-
], (7). 
 
Insert 1:    DNSA3.1.cdx    Schematic: The interacting compounds for 1-7  
 
Discussion 
1  The structures 1-7. 
All compounds reported here are anhydrous 1:1 proton-transfer salts of 3,5-dinitrosalicylic 
acid with Lewis bases, in which the protonated nitrogen of the base is subsequently involved in a 
primary hydrogen-bonding interaction with one or more carboxylate oxygen acceptors, together 
with secondary extensive interactions involving other strong donor groups as well as in some cases, 
weak donor groups (e.g. aromatic C-H) with substituent carboxylate, phenol or nitro acceptor-O 
sites on the dnsa anions. Also significant among the structures of this set of compounds (1-7) is the 
increased incidence of aromatic ring C-H…O interactions, reaching a maximum of seven per mole 
of bipy in compound 7 where only one formal intermolecular N+-H…O hydrogen bond is present. 
Also, while there is only an occasional incidence of electron transfer through π-π interactions among 
the total set of dnsa compounds, within this set the incidence is much greater (compounds 1, 4 and 
6). The net result is the generation of stable three-dimensional framework structures in all 
compounds, giving crystalline solids with typically high melting points and good crystal 
morphology.  
Crystallographic data and details of the structure analysis for 1-7 are given in Table 1 while 
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a full listing of hydrogen-bonding geometry including C-H…O interactions is given in Table 2.  
Comparative structural parameters for the dnsa anion species are listed in Table 3, and characteristic 
infrared spectral features are given in Table 4. The individual structures are considered below. In all 
compounds the structural features of the dnsa cation are relatively similar. The intramolecular 
O(phenol)….O(carboxyl) hydrogen bond is found in all compounds [O…O range: 2.414(2) Å (in 
1)…2.488(4) Å (in 2)], with the exception of 4 [O…O, 2. 438(4) Å] where the proton was not 
located because of the rotational disorder present in anion molecule. However its presence in 4 is 
assumed. This characteristic intramolecular hydrogen bond is present in salicylic acids generally, 
e.g. the parent acid[21] and is found in all of  the dnsa acid solvent pseudopolymorphs[7, 15] and in 
other dnsa adducts, where the proton is located on the phenolic-O. However, in 1-3 and 5-7, the 
proton is on the carboxyl-O and is anti-related, similar to that found in a larger percentage of 
proton-transfer compounds of dnsa. With all compounds considered here, the atom numbering 
scheme for the dnsa anion is as shown in Fig. 1 for 1 and is consistent with that used in previous 
reports on proton-transfer compounds of dnsa completed in our laboratories.[1, 7-13]  Figure 1 also 
shows the atom numbering scheme for the quinoline ring  in the cation of 1 and follows essentially 
the IUPAC numbering convention, as do those for the other heteroaromatic systems found in 5, 6 
and 7 (for benzimadazole, 1,10-phenanthroline and 2,2’-bipyridine respectively). 
 
1.1 The individual structures  
 
[(C9H8N)
+
(C7H3N2O7)
-
]    1 
The 1:1 compound from the reaction of dnsa with the parent bicyclic heteroaromatic Lewis 
base quinoline, [(quin)+(dnsa)-]  1, results from protonation of the hetero-N of the quinoline ring 
(pKa = 4.8) which subsequently gives a primary linear intermolecular hydrogen-bonding interaction 
with a carboxylate-O of the dnsa anion [N11-H...O71, 2.686(2) Å]. A much weaker aromatic ring 
C-H…O interaction [C81-H…O72, 3.306(2) Å] completes an asymmetric cyclic R22(8) 
[22] 
association between the two species. Two other quinolinium ring C-H…O(dnsa) associations [C21-
H…O2(phenate) and C61-H…O32(nitro)] provide the only peripheral structure extensions in the 
framework structure. However, significant cation-anion π-π interactions are present, giving stacks 
down the a cell direction, with the aromatic ring-centroid separation [Cg(C1 – C6)….Cg(N11 - C91)] and 
inter-ring dihedral angle (α1,2) of 3.53 Å and 2.1
o respectively (Fig. 2).  
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INSERT 2: Figs. 1 and 2. (DNSA3_1.tif) and DNSA3_2.tif) 
 
[(C10H10N)
+
(C7H3N2O7)
-
]    2 
The 1:1 proton-transfer compound from the reaction of 1-naphthylamine with dnsa, [(na)+( 
dnsa)-], 2 results from protonation of the primary amine substituent group of the na molecule (pKa = 
4.0), with formation of a linear N+-H…O(carboxyl) interaction [N11…O71, 2.762(4) Å]. Four other 
interactions of this group with oxygen acceptors (one phenate and three nitro) from dnsa anion 
molecules (two of which are three-centred), result in a three-dimensional framework structure in 
which the dnsa anions form stacks which extend down the c axial direction of the unit cell (Fig. 3), 
without any cation-anion π-π associations. The structure involves only one aromatic C-H…O 
interaction [(C81-H…O(72)(carboxyl)].   
 
INSERT 3: Fig. 3  (DNSA3_3.tif)  Hydrogen bonding in 2 
 
 [(C9H12N)
+
(C7H3N2O7)
-
]    3 
 The compound of 1,2,3,4-tetrahydroquinoline with dnsa, [(thq)+( dnsa)-], 3 is based on a 
simple dimeric repeating unit in which one proton of the quinolinium group forms a primary three-
centred asymmetric R21(4) hydrogen-bonding association with the dnsa anion via a carboxylate 
oxygen [N11-H….O71, 2.830(3) Å]. The peripheral extension into a three-dimensional framework 
structure is through the second quinolinium proton to the proximal dnsa phenate and nitro oxygen 
acceptors [N11-H…O, 2.776(3), 3.024(3) Å] in an R21(6) association. Only one C-H…O hydrogen 
bond [C51-H….O71(carboxyl)] is present.  
 
[(C10H8NO2)
+
(C7H3N2O7)
-
]    4 
The compound of quinoline-2-carboxylic acid (quinaldic acid) with dnsa, [(qa)+(dnsa)-], 4 is 
a three-dimensional hydrogen-bonded framework structure. In this, the qa cations and the dnsa 
anions [which are rotationally disordered about the C7-C1…C4-H4 aromatic ring vector, 
transforming  the phenolic oxygen (O2: 0.51 site occupancy) into a second site (O2’: 0.49 site 
occupancy)], form zig-zag chain structures through a primary quinolinium N+-H…O(dnsa carboxyl) 
interaction and strong secondary qa carboxylic acid O-H…O(dnsa carboxyl) associations (Fig. 4). 
These chains are linked peripherally into sheets through a total of four additional cation ring C-
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H…O hydrogen-bonding associations. Significant π-π interactions exist within the cation-anion 
stacks which form down the b axial direction in the cell [Cg(C1 - C6)….Cg(N11 - C91), 3.59 Å; α 0.15
o].  
 
INSERT 4:  Fig. 4.   DNSA3_4.tif  (Packing diagram of 4)  
 
[(C7H7N2)
+
(C7H3N2O7)
-
]    5 
With the 1:1 compound of benzimidazole with dnsa, [(bim)+( dnsa)-] 5, the first hetero-N of 
bim is protonated (pKa1 = 5.47) and both this and the proton of the ortho-related ring carbon give a 
asymmetric cyclic [R22(7)] interaction with the carboxylic acid group [N11-H….O71, 2.731(3) Å; 
C2-H…O72,  3.063(4) Å]. Structure extension involving the second hetero-N with dnsa phenate 
and nitro oxygen acceptors as well as one C-H---O interaction gives a three-dimensional framework 
structure which shows no cation-anion π-π associations.  
 
[(C12H9N2)
+
(C7H3N2O7)
-
]     6 
With the compound of 1,10-phenanthroline with dnsa, [(phen)+( dnsa)-] 6, one of the hetero-
nitrogen atoms of phen (pKa1 = 4.93) is protonated and subsequently gives only one formal direct 
hydrogen-bonding interaction with a dnsa carboxyl oxygen [N11-H…O71, 2.794(4)Å]. However, 
all aromatic eight ring hydrogen atoms of the phen cation are involved in weak intermolecular C-
H….O associations with the dnsa anions [range: 3.125-3.501(5) Å]. The alternating phen and dnsa 
ions are involved in π-π interactions giving stacks down the b cell direction, with ring separations of 
ca. half the cell parameter (3.64 Å). This gives a stable three-dimensional framework structure, free 
from any structural disorder as is often found with the compounds and adducts of phen and with 
many similar π-stacked compounds.[23] 
[(C10H9N2)
+
(C7H3N2O7)
-
]     7 
As with 6, the compound formed from the analogous bifunctional Lewis base 2,2’-
bipyridine (pKa1 = 4.45), [(bipy)
+( dnsa)-], 7, has one of the hetero-nitrogen atoms protonated and 
subsequently gives only one direct intermolecular hydrogen-bonding interaction with a dnsa 
carboxyl oxygen [N21-H…O71, 2.858(3) Å]. However, a bipy ring hydrogen gives a single C-
H…O intermolecular association with a nitro-O acceptor of a dnsa anion, giving a weak linear 
extension of the dimer unit along the c cell direction [C51-H…O31, 3.132(4) Å] (Fig. 5). This 
results in helical chains which extend down this axis, linked peripherally by C-H…O interactions 
 
 
- 8 -  
involving another four of the bipy ring hydrogen atoms. The bipy cation is planar [torsion angle 
N21-C1-C1’-N21’, 1.2(4)o] because of the presence of an intramolecular hydrogen bond [N21-
H…N21’, 2.643(4) Å], but the resulting framework structure has no π-πΒassociations. 
 
INSERT 5:   Fig. 5   DNSA3_5.tif   Helical packing of [(bipy)
+
 (dnsa)
-
]  7 
 
2  General structural systematics of the dnsa proton-transfer compounds 
2.1 Modes of assembly 
 Considering the number of examples of proton-transfer Lewis base compounds of dnsa 
characterized crystallographically to date, it is now possible to describe the modes of hydrogen-
bonding interactions in a moderately systematic fashion on the basis of the primary hydrogen-
bonding interaction present. With amines, protonation is followed in a large majority of the 
examples by direct aminium N+-H…O (carboxylate) hetero-ion hydrogen-bonding association. 
Secondary molecular assembly may then proceed through other available donor and acceptor sites to 
expand the unit into one-dimensional chains, two-dimensional sheets or three-dimensional 
framework structures. This process may be facilitated through the presence of C-H…O hydrogen 
bonding and to a lesser extent, through cation-anion π-π stacking interactions.  
 We have therefore classified the known primary heteromolecular N+-H…O(carboxyl) 
associative motifs into three general categories: (a) Type 1:  Linear (graph set D [23]); (b)  Type 2: 
Cyclic R21(4) three-centred [involving the aminium N
+-H group and both carboxylate oxygen 
acceptors in a bidentate association]; (c)  Type 3: Cyclic R22(N) (N =  7 or 8) [involving two H 
donors of the cation (one aminium), and two carboxyl-O donors in a bidentate mode]. Although the 
Type 3 [R22(N)] motif does not have a high incidence of occurrence among the dnsa compounds [it 
occurs in only two compounds (1 and 5) among this present set], it has a high formation probability 
(84%) among general molecular interaction motifs.[25]  The secondary peripheral hydrogen bonding 
may be various, either strong, weak or mixed but featured often is the cyclic three-centred N+-
H…O(phenate), O(nitro) proximal group interaction [graph set R21(6)]. 
 On the basis of the nature of the secondary propagating interactions, the primary Types 1-3 
interactive modes can now be expanded with the generation of subsets. These are given below and 
are illustrated with examples from the complete set of proton-transfer compounds including 1-7. 
There are only four examples in the set for which it may be confidently said that a dnsa carboxyl 
oxygen is not involved in the primary cation-anion interaction but participates only in secondary 
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interactions. The examples are the compounds with 4-cyanopyridine [(cnpy)+(dnsa)-],[1] 
hexamethylenetetramine [(hmt)+(dnsa)-],[6, 7] 1-amino-5-hydroxynaphthalene [(naph)+(dnsa)- . H2O]
 
[14] [where an R21(4) interaction with a nitro group together with hydrate extension is found] and 
strychnine [(str)+(dnsa)-][11] [where only asymmetric cyclic three-centred R21(6)  N
+-H…O(phenate, 
nitro) proximal group interactions are found]. In the first two examples the extensions are via 
simple C-H…O hydrogen bonds while with [(str)+(dnsa)-], extension is homomolecular through a 
N+-H…O(strychnine carbonyl) linkage. 
 
 INSERT 6: DNSA3.2.cdx  Schematic: [(cnpy)+(dnsa)-] and  [(hmt)+(dnsa)-] 
  
Type 1:    Linear heteromolecular interaction. In this large category, defined by a single      
directed primary N+-H…O(carboxyl) (D) interaction, the subsets generated on the basis of the 
nature of the secondary interactions involved and are as follows: 
(1.1) One- and two-dimensional extension: Compounds showing these low-dimensional 
extensions are not common, being found mainly in secondary and tertiary aliphatic amine salts of 
dnsa. The extension may result in linear or zig-zag chain structures which may be further 
expanded into sheets by peripheral interactions. A one-dimensional example is seen in the 
compound with triethylamine [(tea)+(dnsa)-] [7]  [where only minor weak C-H…O (carboxyl) 
secondary extension is present], while an example of a two-dimensional structure is the 
compound with nicotinamide [(nic)+(dnsa)-].[11] 
 
INSERT 7:  DNSA3.3.cdx.   Schematic: [(tea)
+
(dnsa)
-
] 
 
A zig-zag structure may be generated through a strong secondary group interaction, dictated by 
the basic steric configuration of the cation molecule, e.g. the compounds with 8-aminoquinoline 
[(8-aq)+(dnsa)-]),[11]  8-hydroxyquinoline [(8-hq)+(dnsa)-] [11] and quinaldic acid [(qa)+(dnsa)-] (4: 
this work) (which have both strong N-H…O or O-H…O as well as additional weaker C-H…O 
extensions). 
 
     INSERT 8  DNSA3.4A.cdx.  Schematic (i) [(8-aq)+(dnsa)-] and (ii) [(8-hq)+(dnsa)-] 
    and   DNSA3.4B.cdx    Schematic (iii) [(qa)
+
(dnsa)
-
] 4  
 
 
- 10 -  
      
(1.2)  Three-dimensional extension: Two subsets are generated on the basis of whether the    
extension involves strong or weak hydrogen-bonding interactions.  
 (a) Strong. This type of interaction is common in the compounds of dnsa with primary amines 
and occurs through secondary N+-H…O associations, e.g. with ammonia [(am)+(dnsa)-],[7] 
methylamine [(ma)+(dnsa)-][7], the isomeric monoaminobenzoic acids [(oaba)+(dnsa)-], 
[(maba)+(dnsa)-] and [(paba)+(dnsa)- . (paba)],[8] (the latter with the paba adduct molecule non-
extending), sulfonilamide [(pabs)+(dnsa)-],[11] nicotinamide [(nic)+(dnsa)-] [11] and 1-
naphthylamine (2: this work). 
 
    INSERT 9:  DNSA3.5.cdx. Schematic (i) [(oaba)
+
(dnsa)
-
], (ii) [(paba)
+
(dnsa)
-
(paba)],             
              
(b) Weak. These structures are generated only through weaker C-H…O interactions, e.g. with 
1,10-phenanthroline [(phen)+(dnsa)-], 6 (including π-π association) and 2,2’-bipyridine 
[(bipy)+(dnsa)-], 7 (with helical extension), and with pyridine [(py)+(dnsa)- . (dnsa)],[1] (where 
extension does not involve the dnsa adduct molecule which is part of a trimeric repeating unit).  
 
     INSERT 10:  DNSA3.6A.cdx. Schematic: (i) [(phen)+(dnsa)-] 6 and (ii) [(bipy)+(dnsa)-] 7  
   and  DNSA3.6B.cdx.  Schematic (iii) [(py)
+
(dnsa)
-
 (dnsa)]. 
 
Type 2: Cyclic three-centred R21 heteromolecular interaction. This involves a single aminium 
proton donor and both carboxylate oxygen acceptors of the dnsa anion in a three-centred R21(4) 
link. Examples of this type are the compounds with 1,2,3,4-tetrahydroquinoline [(thq)+(dnsa)-], 
(3: this work), diethylamine [(dea)+(dnsa)-],[11] 3-amino-1H-1,2,4-triazole [(3-at)+(dnsa)-],[11] (S)-
1-phenylethylamine [(pea)+(dnsa)-], [11] (8-quinolinyl)urea [(qur)+(dnsa)-],[11] the piperidine 
compound,[9]  brucine [(bru)+(dnsa)- . H2O],
[12]  benzylamine [(ba)+(dnsa)-],[11] (where a unique 
cyclic homomolecular R22(4) carboxylate association is also found) and dicyclohexylamine 
[(dcha)+(dnsa)-] (which forms a unique cyclic tetramer).[6] 
 
    INSERT 11:  DNSA3.7A.cdx. Schematic: (i) [(pea)+(dnsa)-], (ii) [(3-at)+(dnsa)-] and                
     (iii) [(ba)
+
(dnsa)
-
] and DNSA3.7B.cdx. Schematic: (iv) [(dcha)
+
(dnsa)
-
] 
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Type 3: Cyclic R22(N) heteromolecular interaction.  This primary interaction involves two 
adjacent proton-donor groups of the aminium cation (including the aminium proton) and both 
oxygen acceptors of the carboxylate group in most commonly, an R22(8) cyclic association, 
which is statistically the most robust of the cyclic associations and is described as the type (4) 
motif.[23] The Lewis base which provides the most general examples of this type of association is 
2-aminopyrimidine (apm)[25] and it does so also with dnsa.[1] Other series examples are found in 
compounds with cytosine [(cyto)+(dnsa)-]),[11]  2,6-diaminopyridine [(dap)+(dnsa)-],[1] guanidine 
[(gu)+(dnsa)-],[11] adenosine [(aden)+(dnsa)-],[11] isonicotinic acid [(ison)+(dnsa)-],[1] quinoline 
[(quin)+(dnsa)-], 1 and benzimidazole [(bim)+(dnsa)-], 5 (both this work). In the last four 
examples the second of the cyclic interactions is through an aromatic ring proton but with the 
quinoline structure having additionally some π-π associations. In the dihydrate example with 
salicylaldoxime, [(salox)+(dnsa)- . 2H2O],
 [12] the interaction is cyclic but is R22(7), having 
additional peripheral extensions involving both water molecules. The cyclic Type 3 associations 
found in all of these examples are also found in the neutral adducts with urea (ur),[16] the 
substituted ureas[17,18] and phenazine.[20] 
 
      INSERT 12: DNSA3.8A.cdx. Schematic: (i) [(apm)
+
(dnsa)
-
 . 0.5EtOH]; (ii) [(cyto)
+
(dnsa)
-
]; 
      (iii) [(quin)
+
(dnsa)
-
] 1; and (iv) [(bim)
+
(dnsa)
-
] 5.   
                    and  DNSA3.8B.cdx. Schematic (v)  [(salox)
+
(dnsa)
- 
. 2H2O] 
 
2.2   Infrared spectroscopy.  
 
 The infrared spectrum of the dnsa anion species in its compounds has characteristic features 
which allow recognition of complex formation through either proton-transfer or non proton-transfer 
processes. The spectrum of the parent acid dnsa has previously been described by Issa[2] and more 
recently by Ng et al.[6] but we include our Fourier-transform spectrum here (Fig. 6) for direct 
comparison with complexes 1 - 7 (Table 4) because it shows minor unexplained value differences, 
despite the similar acquisition as pressed discs in KBr, except that in the case of the Issa work, an 
FTIR instrument was not used.  
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INSERT 13:  Fig 6:    DNSA3_6.tif.    IR spectra of dnsa  
 
The strong absorption bands at 3565,  3446 and 3105 cm-1  (cf. 3570, 3460, 3100 cm-1 from ref. [2] 
and shown in parentheses in the discussion following below) correspond to the ν(OH) stretching 
vibration of the -CO2H group. The stretching vibration of the phenolic ν(OH) group gives a broad 
medium-intensity band which is not resolved under the sharp aromatic ν(CH) band at 3106 cm-1. 
The suggestion by Issa that the phenolic –OH group is involved in intramolecular hydrogen-bonding 
interactions with the nitro group ortho to it in the ring is not the case in the structures of any of the 
dnsa solvent pseudopolymorphs nor has it been observed in the structures of any of the dnsa 
compounds reported to date. The deformation vibration of the phenolic group also gives the 
characteristic absorption at 1377 cm-1 (1370 cm-1)[2] while the C-OH stretching mode gives the band 
at 1178 cm-1 (1175 cm-1).[2] The expected strong carboxylic acid ν(C=O) stretching frequency is 
present at 1673 cm-1  (typical range[26] 1700-1680 cm-1; 1696 cm-1 [6]) but the splitting reported by 
Issa[2] (1700, 1675 cm-1) is not observed, nor is the splitting of the asymmetric and symmetric –NO2 
bands at 1533 cm-1 (1540, 1530 cm-1)[2]  and 1339 cm-1 (1345, 1335 cm-1)[2] respectively. The strong 
characteristic γ(C-H) bands at 916, 824 cm-1 compare with 925, 825 cm-1 [2] and as expected show 
little change on complex formation in compounds 1 - 7 (Table 4). 
The result of proton transfer in formation of complexes such as 1 - 7 should result in the 
complete disappearance of the characteristic ν(C=O) band with replacement by asymmetric and 
symmetric stretching frequencies due to the –CO2
- group (1610-1550 cm-1 and 1420-1300 cm-1).[26] 
With the proton-transfer compound pyridinium 3,5-dinitrobenzoate, the shift for ν(C=O) is from 
1708 cm-1 (free acid) to 1722 cm-1 (complex).[27] However, with this series, the shifts compared to 
dnsa (1673 cm-1 ) are mostly to lower frequencies, ranging from 1618 cm-1 (6) to 1686 cm-1 (2) but 
these shifts are consistent with the proton-transfer observed. Furthermore, the large differences 
observed for the dnsa complexes are also consistent with the previously mentioned phenomenon 
whereby relocation of the phenolic proton on the carboxyl group after proton transfer (such as 
observed in all complexes reported here) means that this group retains its identity, altered only by 
the anti-related proton in the intramolecular hydrogen bond. The presence of a second ν(C=O) peak 
at 1743 cm-1 in 4 is also consistent with the presence of the ‘free’ but hydrogen-bonded carboxylic 
acid group of quinaldic acid. 
The carboxyl ν(O-H) absorptions at 3565, 3446 cm-1 in dnsa (3570, 3460 cm-1)[2] are 
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replaced by a single weak broadened peak at ca. 3450 cm-1 in all cases and this is similar to what is 
observed for the 1:1 salicylic acid complex with 8-hydroxyquinoline.[28] The phenolic ν(O-H) 
should be absent in 1-7 (from the crystallography) and this is the case but this band is less diagnostic 
because of its location close to the ν(C-H) absorption and therefore is usually unresolved. Probably 
more diagnostic of the loss of the phenolic proton is the disappearance of the medium-strength out-
of-plane δ(C-OH) band at 1377 cm-1 (1375 cm-1)[2]. The emergence of medium-intensity bands in 
the 2700-2250 cm-1 range due to the protonated -N+-Hn
 amine group should also be diagnostic of 
proton transfer[26] but in the case of the dnsa compounds, these peaks (broadened because of the 
presence of overtone bands) correspond to an area of miscellaneous broad peaks in the dnsa 
spectrum and are therefore of limited diagnostic value. One of the most apparent spectroscopic 
indication of  proton-transfer in the compounds of dnsa is therefore the splitting of the asymmetric 
and symmetric -NO2 bands cf. the parent dnsa. 
 
2.3  The 3,5-dinitrosalicylate anions 
The general structural features of the dnsa molecular species in a series comprising 17 
cocrystalline dnsa compounds and adducts (14 proton-transfer), were compared in Reference [7]. 
The series reported here further extends the data base to a total of 41 compounds (38 proton-
transfer) but does not produce any abnormal features beyond those already described. However, it 
does show a higher incidence of certain structural features, e.g. π-π and C-H…O molecular 
associations. The general structural systematics for the dnsa species within the series are as follows: 
a   The carboxylate group. Because of the presence of the intramolecular hydrogen bond 
between the carboxylate group and the phenol group in all examples reported here [the only 
exceptions within the total set are in the dnsa dianions in the ethylenediamine[7] and the mixed dnsa-
picrate compound with piperidine,[9] it is generally expected that the carboxylate group is essentially 
coplanar with the benzene ring. The C2-C1-C7-O71 torsion angles (Table 3 and the corresponding 
table in ref. [7]) are usually close to 180o [-157.7o and -165.8o in the dnsa dianions[7,9] are expected 
while –166.6o in the strychnine compound[11] is atypical]. 
b   The nitro groups.  The 3- and 5-nitro substituents in the dnsa ring are significant in 
influencing crystal packing since both are commonly involved in some intermolecular hydrogen-
bonding interactions in most compounds. The 3-nitro group interactions occur with greater 
incidence because of its proximity to the sites of inter-ion interaction involving the phenate and 
carboxylate groups. Numerous examples illustrate this including the benzimidazole compound 5 
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where the primary R22(7) aminium-carboxylate association is accompanied by R
2
1(6) secondary 
facial extension through dnsa carboxylate-O and nitro-O acceptors. Such proximal group 
participation is probably the reason for the greater variation in the C1-C3-N3-O32 torsion angles 
(which usually deviate by up to 20o from planarity) compared to C4-C5-N5-O52 angles associated 
with the lesser interactive C5 nitro group where the deviation for the overall series is ca. 10o 
although a value of 20o in compound 4 of the present series is abnormal. 
c.   Substituent group disorder   The symmetry inherent in the dnsa molecule together with 
the thermally unstable nature of the nitro substituent groups themselves both influence disorder 
phenomena in the anions in these compounds. While the problem is not severe in most compounds, 
three proton-transfer examples have been observed involving rotational disorder about the C7-
C1…C4 aromatic ring vector which rotates the phenolic O2 ring substituent into another partial site 
(O2’). This was found in the structure of 4 in the current series (0.59:0.41 site occupancy), in the 
charge-transfer compounds with nicotinamide (0.76:0.24 occupancy)[11] and 2,6-diaminopyridine 
(0.90:0.10 occupancy),[1] as well as in the 1:1 urea adduct structure (0.80:0.20 occupancy).[16]   
d  The intramolecular hydrogen bond  The distance for the intra-molecular 
O(phenol)…O(carboxyl) hydrogen bond is relatively constant for this set (1 – 7) [O…O range, 
2.414(2) Å (1) to 2.488(3) Å (3): mean, 2.447 Å], and compares with the overall series range and 
mean for dnsa proton-transfer compounds of  2.409 Å [(hmt)+ [(dnsa)-][6,7] to 2.540 Å [(8-aq)+ 
(dnsa)-][12] and 2.452 Å respectively (38 examples).[1, 6-15] These values are as expected generally 
smaller than the distance found for the parent dnsa acid monohydrate [2.566(3) Å [8]], and in the 
neutral species found in the adduct compounds. For all members considered here (with the 
exception of 4 where the proton was not located), the proton is anti-located on the carboxyl-O rather 
than on the phenolic-O and is among 76% of the examples of the 38 proton-transfer compounds of 
dnsa in which this occurs. With the dnsa anion, it has been found that the phenate species has 
greater thermodynamic stability than the salicylate species.[6] This phenate species was recognized 
by Issa[2] in both dnsa and analogous picrate compounds from the infrared spectra, with the 
disappearance of the phenolic ν(OH) bands, leading to the contention that this group was the acidic 
centre participating in primary proton interaction with both types of compound. However, this 
process is influenced by both the stereochemical features of the interacting groups of dnsa, viz. the 
proximal ortho-related carboxyl, phenol and C3-nitro groups, commonly involved in secondary 
hydrogen-bonding interactions, as well as those of the cation species.  
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e.  π-π  Stacking effects. Despite the high incidence of electron transfer in adducts of nitro 
compounds similar to dnsa (e.g. 1,3,5-trinitrobenzene and picric acid[24]), there is only a small 
incidence of this phenomenon within the total set of either proton-transfer or non-proton-transfer 
compounds of dnsa. The incidence becomes higher among the polycyclic Lewis base examples 
reported here where cation-anion interaction is found in the quinoline, quinaldic acid and 1,10-
phenanthroline compounds. The only other compounds where any evidence of π-π interaction exists 
involves anion-anion stacking e.g. the compounds with 4-cyanopyridine[1] and 1-amino-5-
hydroxynaphthalene,[14] and both anion-anion as well as cation-anion stacking (the compound with 
benzidine[9]). 
 
Conclusion 
3,5-Dinitrosalicylic acid predictably demonstrates an ability to protonate the nitrogen 
functional group of the majority of Lewis bases and  has the greatest ability among the nitro-
substituted benzoic acids and in fact among carboxylic acids generally, to self-assemble and 
promote the formation of very stable crystalline proton-transfer products. We have now categorized 
the modes of self-assembly found in these compounds on the basis of both primary and secondary 
extending hydrogen-bonding interactions. Generally, progression from primary to tertiary amines 
(including the heteroaromatic examples reported in the present work) results in fewer formal 
hydrogen-bonding associations but gives a larger number of weaker C-H…O associations e.g. with 
compounds 4, 6 and 7, the compounds with quinaldic acid, 1,10-phenanthroline and 2,2’-bipyridine. 
Charge transfer through π-π interactions is rare within the 38 examples in the overall set, including 
the polycyclic aromatic examples.   
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Experimental 
Preparation of Complexes. Complexes 1 - 7 were prepared using equimolar amounts (0.10 mmol) 
of 3,5-dinitrosalicylic acid with the appropriate Lewis base. All preparations involved heating under 
reflux 50 cm3 of a solution in 80:20% EtOH/H2O. Volume reduction to ca. 40 cm
3 followed by 
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partial room-temperature evaporation of the hot-filtered solutions gave quality crystals in all cases 
except 1 where platy morphology necessitated re-preparation and crystallisation from 50% EtOH-
H2O. Elemental analyses indicated 1:1 stoichiometries in all cases. Infrared spectra were recorded 
on a Perkin-Elmer 1600 Fourier-transform spectrometer as pressed discs in KBr. Comparative 
characteristic vibrational frequencies are given in Table 3. 
Data Collection, Structure Solution and Refinement 
X-ray diffraction data were collected on either Bruker SMART CCD (compounds 1, 4 and 7) or 
Rigaku AFC 7R diffractometers (compounds 2, 3, 5 and 6), using graphite crystal monochromatized 
Mo Kα  X-radiation (λ = 0.71073 Å). With the Rigaku instrument, radiation was from a 12 kW 
rotating anode source, while for compound 1, because of significant disorder in the structure 
determined at room temperature, diffraction data were re-collected at 150(2) K. With all compounds 
no serious crystal decomposition was in evidence [maximum 3.75% for 6] but where required, this 
was allowed for using linear corrections. Data were corrected for Lorentz and polarization effects 
and with 2, 3, 5 and 6, for extinction but no absorption corrections were applied. The structures 
were solved by direct methods and refined using full-matrix least-squares (on F2) using SHELX-
97
[29], (in the case of compounds 2, 3, 5 and 6 using the TeXsan system[30]). Anisotropic thermal 
parameters were used for all non-hydrogen atoms. Hydrogen atoms potentially involved in hydrogen 
bonding interactions were located by difference methods and both positional and thermal parameters 
were refined while others were included at calculated positions and treated as riding models. Details 
of crystal data and structure refinement are given in Table 1.  
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Figures 
 
Figure 1. Atom numbering scheme for the individual quinolinium cation and 3,5-
dinitrosalicylate anion species in 1. Atoms are shown as 40% probability 
ellipsoids.[31] The same numbering scheme is used for the dnsa anion species in all 
compounds in this study and in refs. [1], [7-14] and [16-18]. With the quinoline, 
benzimadazole, 1,10-phenanthroline and 2,2’-bipyridine cations, atom naming 
follows essentially IUPAC convention. 
 
Figure 2. Hydrogen-bonding between cation and anion units in 1, showing also intermolecular 
ring superimposition down the a axial direction in the unit cell. Hydrogen-bonding 
associations are shown as dashed lines. 
 
Figure 3. Hydrogen bonding interactions in 2 in the unit cell viewed down the approximate c 
cell direction.  
 
Figure 4. The primary hydrogen-bonded catemeric cation-anion interactions with secondary C-
H…O and cation-anion ring interactions in the structure of  3, viewed down the b 
axial direction.  
 
Figure 5. The helical propagation of the hydrogen-bonded bipy cation-dnsa anion dimer units 
extending down a 21 rotation-translation axis in the unit cell in 7, showing also 
partial lateral C-H...O secondary associations. 
 
Figure 6.  Fourier-transform infrared spectrum of dnsa. 
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Table 1. Crystallographic data for compounds 1 – 7. 
 
Identification 
code 
       1        2        3        4        5        6         7 
Melting point 
(oC) 
165.8-170.2 189.9-193.5 199.9-201.6 
(dec.) 
220.1-223.2 
(dec.) 
244.3-247.6 
(dec.) 
250.1-251.8 
(dec.) 
179.6-181.4 
CCDC Ref. no. 211179 211180 211181 211182 211183 211184 211485 
Molecular 
formula 
C16H11N3O7 C17H13N3O7 C16H15N3O7 C17H11N3O9 C14H10N4O7 C19H12N4O7 C17H12N4O7 
Mr 357.28 371.30 361.31 401.29 346.26 408.33 384.31 
Colour yellow dark brown yellow yellow yellow yellow yellow 
Temperature (K) 150(2) 297(2) 297(2) 295(2) 297(2) 297(2) 295(2) 
Wavelength (λ) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
Crystal system triclinic triclinic triclinic monoclinic triclinic monoclinic orthorhombic 
Space group P-1 P-1 P-1 P21/c P-1 P21 P212121 
a (Å) 7.251(1) 8.839(4) 8.146(3) 15.5701(17) 9.667(3) 15.006(3) 7.358(3) 
b (Å) 8.2468(11) 12.821(7) 13.366(4) 7.0645(8) 10.494(5) 7.3106(16) 7.869(4) 
c (Å) 13.3460(18) 7.668(5) 7.7902(15) 15.8211(17) 7.332(5) 7.839(2) 28.127(13) 
α (o) 100.070(2) 100.72(5) 104.294(18) 90 96.59(5) 90 90 
β (o) 90.183(3) 108.99(4) 102.59(2) 110.925(2) 90.79(4) 97.18(2) 90 
γ (o) 108.909(2) 96.47(4) 93.85(3) 90 78.53(3) 90 90 
V (Å3) 741.82(17) 793.1(8) 795.6(4) 1625.5(3) 724.1(6) 853.2(3) 1628.6(13) 
Z 2 2 2 4 2 2 4 
Dc (g cm
-3) 1.600 1.555 1.508 1.640 1.588 1.589 1.568 
µ (mm-1) 0.129 0.124 0.120 0.136 0.131 0.125 0.125 
F(000) 368 384 373 824 356 420 792 
Instrument Bruker 
CCD 
Rigaku 
 AFC 7R 
Rigaku  
AFC 7R 
Bruker  
CCD 
Rigaku  
AFC 7R 
Rigaku  
AFC 7R 
Bruker  
CCD 
Crystal size (mm) 0.45 x 0.40 
x 0.08 
0.40 x 0.40 
x 0.25 
0.50 x 0.35 
x 0.09 
0.43 x 0.34 x 
0.25 
0.40 x 0.25 
x 0.20 
0.44 x 0.15 
x 0.11 
0.24 x 0.08 x 
0.07 
Reflections: total 
        (θmax ) 
4677 
27.5 
4225 
27.5 
4215 
27.5 
9881 
27.5 
3890 
27.5 
2574 
27.5 
9412 
25.0 
Reflections: 
Unique 
3255 3652 3653 3681 3347 2282 2874 
Reflections  
[I >2.0σ(I)] 
2350 2113 1846 1870 1628 1608 2239 
Rint 0.039 0.071 0.060 0.048 0.049 0.048 0.045 
R1*  
[I >2.0σ(I)] 
0.051 0.056 0.048 0.045 0.047 0.044 0.047 
wR2*  
(all data) 
0.122 0.194 0.154 0.094 0.176 0.124 0.106 
S* 0.938 0.949 1.000 0.814 0.908 1.03 1.03 
A, B weighting 
terms * 
0.0646, 0 0.100, 0.377 0.096, 0.096 0.364, 0 0.100, 0 0.0569, 
0.240 
0.052, 0 
∆ρ max/min  
(e-Å-3) 
0.393,  
-0.249 
0.552,  
-0.427 
0.272,  
-0.209 
0.235,  
-0.180 
0.255,  
-0.202 
0.396, 
-0.257 
0.281,  
-0.146 
* R1 = (Σ |Fo| – |Fc| )/Σ|Fo|);   wR2 = {Σw[(Fo
2 – Fc
2)]2 / Σ [w(Fo
2)2]}½ ;  S = {Σ [w(Fo
2 – Fc
2)2] / (n-p)}½; w = [σ2 (Fo
2) + 
(AP)2+ BP]-1) {where P = [(max. Fo
2, 0) + 2(Fc
2)]/3} 
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Table 2 Hydrogen-bonding associations (Å, o) for compounds 1-7. 
 
                                    Compound 1  [(quin)+ (dnsa) -]   
 
D-H...A                              D-H      H…A     D…A         D-H…A 
 
O72     H72     O2           0.92(4)    1.49(4)   2.414(2)     175(3)      
N11     H11     O71A        0.97(2)    1.75(2)   2.686(2)    163(2)    
C21     H21     O2 B          0.95        2.34       3.053(2)     132    
C61     H61     O32 C        0.95        2.54       3.369(2)     146    
C81     H81     O72 A        0.95        2.42       3.306(2)     154    
 
A  1+x, y, z ; B  x, -1+y, z; C  x, -1+y, -1+z 
 
                                   Compound 2    [(na)+ (dnsa) -] 
D         H          A            D-H        H…A     D…A          D-H…A 
O72     H72     O2           0.84(6)    1.67(5)   2.488(4)     166(5)      
N11     H11     O71         0.93(4)    1.83(4)   2.762(4)     174(4)     
N11     H11     O31a        0.93(4)    2.57(4)   2.894(5)     101(3)    
N11     H12     O2a          0.89(4)    1.89(4)   2.753(4)     162(4)    
N11     H12     O31a        0.89(4)    2.34(4)   2.894(5)     120(3)    
N11     H13     O52b        0.94(4)    2.57(4)   3.291(5)     134(3)    
C81     H81     O52b        0.96         2.59       3.524(4)      165    
 
a  1 + x, y, z; b  2 - x, 1 - y, 1 - z.  
 
 
                                  Compound 3  [(thq)+ (dnsa) -] 
 
D         H          A           D-H        H…A     D…A           D-H…A 
O72      H72     O2         0.94(3)    1.59(3)   2.486(3)      157(3)    
N11      H11     O71a      0.87(3)    1.98(3)   2.830(3)      165(2)    
N11      H11     O72a      0.87(3)    2.58(3)   3.231(3)      132(2)    
N11      H12     O2         0.86(3)    2.04(3)   2.776(3)      143(3)     
N11      H12     O31       0.86(3)    2.40(3)   3.024(3)      130(2)     
C51      H51     O71b      0.95         2.60       3.311(3)      132       
 
a = 1 - x, -y, -z ; b = x, 1 + y, z;  
 
 
 
    Compound 4   [(qa)+ (dnsa) -] 
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D         H          A            D-H        H…A     D…A        D-H…A 
N11     H11      O71a       0.93(2)   1.91(2)   2.816(2)    165(2)    
O111   H111    O72b      1.01(3)    1.56(3)   2.565(2)    173(3)    
C31     H31      O52c       0.93        2.49       3.138(3)     127    
C51     H51      O32d       0.93        2.51       3.349(3)     150    
C61     H61      O31e       0.93        2.48       3.249(3)     140    
C71     H71      O2e         0.93        2.54       3.392(4)     153    
C81     H81      O71a       0.93        2.59       3.294(3)     132    
 
a  -1 + x, 1 + y, z; b  -1 + x, ½ - y, -1½ + z; c  1 - x, 1 - y, z; d  x, 1 + y, -z; 
e .1 - x, 1 - y, 1 - z 
  
Compound 5   [(bim)+ (dnsa) -] 
 
D         H          A              D-H         H…A     D…A         D-H…A 
 
O72      H72     O2            0.90(3)     1.55(3)   2.450(3)     180(4)      
N11      H11     O71a         0.96(3)     1.85(3)   2.805(3)     170(3)      
N31      H31     O2b           0.99          1.89       2.731(3)     141      
N31      H31     O31b         0.99          2.24       3.033(4)     136      
C21      H21     O72a          0.96          2.46       3.063(4)     121      
C41      H41     O51c          0.97          2.51       3.228(4)     130      
 
a  -1 + x, y, z; b  1 - x, 1 - y, -z; c  x, 1 + y, z. 
 
                                      Compound 6   [(phen)+ (dnsa) -] 
D         H          A            D-H       H…A     D…A         D-H…A 
 
O72     H2      O2           0.94(6)    1.50(6)   2.428(4)     166(7)      
N11     H1      O71a        0.95(5)    1.94(5)   2.794(4)     147(4)    
N11     H1      N101       0.95(5)    2.31(4)   2.729(5)     106(3)     . 
C8       H8      N101b      0.95         2.61       3.494(5)     155        
C9       H9      O2c          0.95         2.56       3.501(5)     170       
C10     H10    O51d        0.95         2.46       3.318(4)     151       
C11     H11    O51 d        0.95         2.58       3.406(5)     146       
C12     H12    O32 e        0.95         2.54       3.297(5)     137       
C13     H13    O52 f         0.95         2.52       3.426(6)     160       
C14     H14    O71f          0.95         2.51       3.436(5)     165    
C15     H15    O72g         0.95         2.54       3.125(5)      120    
 
a  1 - x, -½ + y, 2 - z; b  1 - x, ½ + y, 2 - z; c  x, y, 1 + z; d  -x, -½ + y, 2 - z; e  -x, -½ + y, 1 - z; f  x, -1 + 
y, 1 - z; g  1 - x, -½ + y, 1 - z. 
 
 
                                            Compound 7  [(bipy)+ (dnsa) -] 
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D         H          A            D-H       H…A     D  A         D-H…A 
 
O72     H72      O2          0.80(4)    1.65(4)    2.423(3)     162(4)     
N21     H21      O71a        0.88(3)    2.08(3)   2.858(3)     147(3)   
N21     H21      N21’       0.88(3)    2.22(3)    2.643(4)     110(2)     
C31’    H31’     O72b        0.93        2.59        3.247(4)     128        
C41’    H41’     O71a        0.93        2.57        3.471(4)     164       
C51     H51      O31c        0.93        2.54        3.191(5)      127    
C51     H51      O32d        0.93        2.46        3.132(4)      129    
C51’    H51’     O52a        0.93        2.54        3.441(4)      162    
C61’    H61’     O51e        0.93        2.43        3.323(4)      160    
 
a  -1 - x, 1½ + y, ½ - z; b  -1 - x, 2½ + y, ½ - z; c  x, -1 + y, z; d  -1 + x, 1 + y, z; e  1½ + x, -½ - y, -z; f  1½ + 
x, ½ - y, -z. 
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Table 3  Comparative structural features for the dnsa moiety in a series of dnsa compounds including 1 - 7. 
This extends the data beyond those in ref. [7]. 
Compound 
 
-Op…H-Oc 
     (Å) 
 
-Op-H…Oc 
     (Å) 
C2-C1-C7-O71 
      (deg.) 
C2-C3-N3-O32 
      (deg.) 
C4-C5-N5-O52 
      (deg.) 
Reference 
[(quin)+(dnsa)-]  1 2.414(2)      - -174.4(2) -160.2(2) -174.2(2) This work  
[(na)+(dnsa)-]     2 2.488(4)      - -175.3(2)  169.4(3)  175.3(2) This work  
[(thq)+(dnsa)-]    3 2.486(3)      -  178.4(2)  162.1(3)  172.4(2) This work 
[(qa)+(dnsa)-]     4      *      * -179.9(2) -163.6(2)  160.4(2) This work 
[(bim)+(dnsa)-]   5 2.450(3)      -  178.6(3) -148.9(3) -172.5(3) This work  
[(phen)+(dnsa)-]  6 2.428(4)      -  178.6(4)  158.7(5) -170.6(4) This work  
[(bipy)+(dnsa)-]  7 2.423(3)      -  177.2(3) -160.9(3) -176.0(3) This work 
[(dcha)+(dnsa)-] 2.463(3)      -  179.2(4) -160.0(5)  166.6(7) [6] 
[2(bd)+(bd)2+ 4(dnsa)- 
2(EtOH)] 
2.479(3) 
2.487(3) 
     - -173.2(2) 
-178.9(3) 
-149.5(3) 
 147.7(2) 
-177.8(2) 
-175.7(2) 
[10] 
[(ba)+(dnsa)-] 2.483(6)      -  178.3(4)  170.8(3)  177.9(3) [11] 
[(pea)+(dnsa)-] 2.467(5) 
2.483(5) 
     - 
     - 
 178.3(4) 
 179.5(4) 
 160.0(3) 
 168.6(4) 
 176.6(4) 
-177.0(4) 
[11] 
[(nic)+(dnsa)-] 2.428(3)      -  176.8(2)  175.1(2) -170.3(2) [11] 
[(salox)+(dnsa)-. 
(H2O)2 ] 
2.431(3)      - -174.3(2) -174.3(2) -170.4(2) [12] 
[(py)+(dnsa)-.(dnsa)]      - 
     - 
2.458(4) 
2.582(4) 
-177.8(3) 
 176.6(3) 
 144.5(3) 
 147.9(3) 
-177.1(3) 
-179.7(3) 
[1] 
[(ison)+(dnsa)-] 2.51(2)      -  180  180  180 [1] 
[(dap)+(dnsa) -]      *      *  179.4(5) 
-179.7(5) 
-176.3(5) 
 175.1(5) 
 177.7(6) 
 173.1(5) 
[1] 
[(dea)+(dnsa) -] 2.489(3)      -  176.6(3)  172.3(3)  179.0(2) [11] 
[(cyto)+(dnsa) -] 2.425(3)      - -178.6(2)  143.6(2) -178.9(2) [11] 
[(aden)+(dnsa) -]  2.438(5) -177.6(4)  146.8(4)  152.6(4) [11] 
[(str)+(dnsa) -] 2.492(5)      -  179.7(3)  179.7(3)  179.7(2) [11] 
[3(pip)+(dnsa)2-  
 0.79(dnsa)-.0.21(pic)-. 
H2O] 
     - 
     * 
2.586(8) 
     * 
 176.7(5) 
-165.8(4) 
 178.6(5) 
-169.2(5) 
 175.9(5) 
-177.5(4) 
[9] 
[(bru)+(dnsa) -. H2O]      - 2.425(9)  179.5(8) -158.2(8) -168.6(7) [13] 
[(naph)+(dnsa) -. H2O] 2.494(7)      - -172.8(6) -173.1(6)  178.7(6) [14] 
α-[(dnsa).H2O] 
#      - 2.566(3)  179.7(3) -157.0(3)  169.9(3) [7] 
β-[(dnsa).H2O] 
#       - 2.547(4)  179.0(3) 147.0(4)  176.1(3) [15] 
[(ur)(dnsa)]      - 2.482(8)  178.8(9)  161.3(9) -163.2(9) [16] 
[(deur)(dnsa)]      - 2.465(6)  179.6(5)  157.5(6)  179.2(6) [17] 
[(pz)(dnsa)]      - 2.512(3) -179.9(2) -177.1(3) -179.5(2) [20] 
quin = quinoline; na = 1-naphthylamine; thq = 1,2,3,4-tetrahydroquinoline; qa = quinaldic acid; bim = benzimidazole; phen = 1,10-
phenanthroline; bipy = 2,2’-bipyridine; dcha = dicyclohexylamine; bd = benzidine; ba = benzylamine; pea = 1(S)-phenylethylamine; 
 nic = nicotinamide;  salox = salicylaldoxime; py = pyridine; ison = isonicotinic acid; dap = 2,6-diaminopyridine; dea = 
diethylamine; cyto = cytosine; aden = adenosine; str = strychnine; pip= piperidine; pic = picrate; bru = brucine; naph = 1-amino-5-
hydroxynaphthalene; ur = urea; deur = 1,1-diethylurea; pz = phenazine. 
*   Proton not located or absent;      #   α- and β- represent two different crystal polymorphs  
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Table 4.  Infrared absorptions for DNSA and compounds  1 - 7 
 
 
  Compound ν (OH) ν(C=O) ν as(NO2) νs (NO2) δ (C-H) ν (C-OH) Reference 
dnsa (Issa) 3570, 3460, 
3100 
1700, 
1675 
1540, 1530 1345, 1335 925, 825 1175      [2] 
dnsa  3565, 3446, 
3105 
1673 1533 1339 916, 824 1178 This work 
[(quin)+(dnsa)-]   1 3446(w), 
3078(m) 
1654 1570, 1528 1348, 1321 913, 814 1172 This work 
 
[(na)+(dnsa)-]      2 3440(w) 1686 1572, 1530 1348, 1322 907, 810 1170 This work 
[(thq)+(dnsa)-]     3 3451(w) 1678 1573, 1530 1351, 1310 917, 811 1169 This work 
[(qa)+(dnsa)-]      4 3450(w), 
3107(w) 
1627, 
1743 
1593, 1532 1340, 1286, 915, 810 1180 This work 
[(bim)+(dnsa)-]    5 3450(w), 
3157(m) 
1665 1613, 1514 1346, 1323 916, 808 1172 This work 
[(phen)+(dnsa)-]  6 3446(w), 
3067(m) 
1618 1619, 1598, 
1530 
1345, 1322 916, 812 1172 This work 
[(bipy)+(dnsa)-]   7 3450(w), 
3078(m) 
1636 1573 1348, 1320 914, 812 1171 This work 
[(py)+(dnsa)-] * 3450(w) 1718 1573, 1524 1350 921, 812 1164       [1] 
* py = pyridine 
